INTRODUCTION {#s1}
============

During prolonged space missions, astronauts can be exposed to ionizing radiation (IR) from a variety of sources, including galactic cosmic rays and solar protons. Galactic cosmic rays consist mainly of protons, but a small fraction of them are high atomic number (Z) and high energy (E) (HZE) particles \[[@RRV005C1]\]. The linear energy transfer (LET) of protons is low, whereas HZE particles have intermediate and high LET. Although of low abundance in space, HZE particles can generate significant health effects because of their high radiotoxicity per unit absorbed dose compared with the more abundant protons \[[@RRV005C2], [@RRV005C3]\]. Astronauts may be also exposed to secondary radiations such as neutrons and recoil nuclei that result from the interaction of incident particles with nuclei of atoms of spacecraft material or their bodies \[[@RRV005C4], [@RRV005C5]\]. During a mission to Mars (∼1000 days), every cell nucleus in an astronaut\'s body is likely to be hit by a proton or a secondary electron every few days, and by an HZE particle about once a month \[[@RRV005C6]\]. Therefore, on average during a Mars mission, a given cell is traversed by ∼10 protons before it is traversed by an HZE particle. These diverse types of IR may impart biological effects mediated by hitherto unknown mechanisms. For example, an extensive cross-talk may occur among various molecular and biochemical events modulated by these radiations, which may determine the severity of the health effects. Thus, one of the goals of this study was to assess DNA damage in normal human cells exposed to protons followed at a subsequent time by exposure to energetic HZE particles. In addition, the spread of signaling events from low-dose proton-irradiated cells to non-irradiated cells in their vicinity (i.e. bystanders), and the ensuing response of the latter cells to a challenge by HZE particles is also examined.

Currently, for the purposes of radiation protection, the deleterious effects of IR are assumed to have a linear dose response with no threshold (discussed in e.g. \[[@RRV005C7], [@RRV005C8]\]). The effects of sequential doses are presumed to be additive. One consequence of this assumption is the notion that exposure to any dose of radiation, however small, increases the risk of detrimental radiation-induced health effects. Observations of adaptive and bystander effects challenge this assumption \[[@RRV005C9]\]. Adaptive responses and bystander effects of both protective and detrimental nature have been widely observed in cell cultures exposed to IR, and this is leading to a paradigm shift in our understanding of the IR target \[[@RRV005C10]--[@RRV005C13]\]. Significant evidence from different laboratories indicates that extranuclear and extracellular events can contribute to important biological changes in both the directly irradiated cells and the surrounding bystander cells \[[@RRV005C13]--[@RRV005C16]\]. While adaptive responses are thought to mitigate the harmful effects of IR, bystander effects have been generally suggested as amplifying the consequences of irradiation.

Adaptive responses encompassing DNA repair and antioxidation reactions have been reported to have been induced following exposures to low doses of low-LET radiations, in particular of γ rays delivered at low dose rate \[[@RRV005C17]--[@RRV005C22]\]. The protective mechanisms defend against the damaging effects of a subsequent exposure to IR \[[@RRV005C23]--[@RRV005C26]\] and against spontaneous damage due to normal physiological processes \[[@RRV005C17], [@RRV005C27], [@RRV005C28]\]. Interestingly, genes responsible for both generating and scavenging reactive oxygen species (ROS) were upregulated in the livers of mice that were flown on a 13-day space shuttle mission (STS-118) \[[@RRV005C29]\]. However, more recent reports have indicated that exposure to a low fluence of low-LET protons propagated signaling factors that induced DNA damage in bystander cells \[[@RRV005C30]\]. In fact, the lack of clear knowledge about non-targeted responses of space radiations \[[@RRV005C31]--[@RRV005C33]\] has been singled out by the US National Academies \[[@RRV005C34]\] as one of the most important factors limiting the prediction of radiation health risks associated with deep space exploration. Whereas several studies have shown that HZE particles are strong inducers of harmful bystander effects \[[@RRV005C33], [@RRV005C35]--[@RRV005C38]\], studies of proton-induced adaptive and bystander responses are only emerging.

MATERIALS AND METHODS {#s2}
=====================

Cells {#s2a}
-----

Apparently normal human diploid skin fibroblasts (AG1522) were obtained from the Genetic Cell Repository at the Coriell Institute for Medical Research (Camden, NJ). Cells at passages 10--12 were grown in Eagle\'s Minimum Essential Medium (CellGro) supplemented with 12.5% heat-inactivated (56°C, 30 min) fetal calf serum (FCS), 200 mM L-alanyl-L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma). The cells were routinely maintained at 37°C in a humidified incubator with 5% CO~2~ in air. For experiments, cells were seeded at a density that allowed them to reach the confluent state within 5 days. They were then fed twice on alternate days, and experiments were initiated 24--48 h after the last feeding. Under these conditions, 90--98% of the cells were in G~0~/G~1~ phase of the cell cycle as determined by \[^3^H\]-thymidine uptake and/or flow cytometry \[[@RRV005C39]\]. Synchronization of the cells in G~0~/G~1~ phase by density inhibition eliminates complications in interpretation of the results (that arise from changes in the cellular response to IR at different phases of the cell cycle) \[[@RRV005C40]\].

Irradiation {#s2b}
-----------

Irradiations were conducted at the NASA Space Radiation Laboratory (NSRL) located at the Brookhaven National Laboratory (Upton, NY). Description of the facility and radiation beam information can be found at [www.bnl.gov/nsrl/userguide/](www.bnl.gov/nsrl/userguide/), 10 March 2015, date last accessed. Confluent cell cultures were irradiated with 20 cGy from 0.05 or 1-GeV protons (^1^H^+^) (LET ∼ 1.25 and 0.2 keV/μm in water, respectively) at a dose rate of 0. 1 Gy/min. After 6--24 h, they were exposed to a mean absorbed dose of 50 cGy from 1 GeV/u iron ions (^56^Fe^26+^) (LET ∼ 151 keV/μm in water) at a dose rate of 0.5 Gy/min. The culture flasks were positioned orthogonal to the beam in the plateau region of the Bragg curve, but were not stacked (profiles of the Bragg curves can be accessed at <http://www.bnl.gov/nsrl/userguide/bragg-curves-and-peaks.php>, 10 March 2015, date last accessed). The flasks were filled to capacity with pH- and temperature-equilibrated growth medium 3--6 h before the radiation exposure. This ensured that, during the irradiation, deviation from 37°C was attenuated and the cells were immersed in medium, thus alleviating the changes in osmolarity and partial oxygen tension that can greatly affect the cellular radiation response \[[@RRV005C41], [@RRV005C42]\]. The irradiating particles impacted orthogonally, first the bottom of the plastic growth surface of the culture vessel, followed by the adherent cells and then the growth medium. Control cells were sham-treated and handled in parallel with the test cultures. Dosimetry for the experiments was performed by the NSRL physics staff.

Cell culture strategy for bystander studies {#s2c}
-------------------------------------------

To examine radiation-induced bystander effects, a layered tissue culture system that allows isolation of pure bystander cells from contiguous irradiated cells was used. Briefly, AG1522 fibroblasts destined to be bystanders were seeded onto inverted Transwell® inserts (i.e. on the underside of the insert) with 3-μm pores. Following attachment, the inserts were inverted and placed into the wells of plates and cultured to confluency as described above. Irradiated cells, derived from confluent cultures maintained in flasks, were harvested within 10 min following exposure to 20 cGy of energetic protons. The harvested cells were then seeded at confluent density on the top side of the insert, with bystander cells growing upon its underside (see scheme in Fig. [2](#RRV005F2){ref-type="fig"}A). In the 2-h period after plating, irradiated cells adhere and form functional junction channels with bystander cells, as was assessed by the transfer of Calcein AM dye \[[@RRV005C43], [@RRV005C44]\]. Irradiated and bystander cells may also communicate with each other through diffusible factors transferred across the pores of the membrane. The irradiated cells and contiguous bystanders were left in co-culture for a total of 5 h. Subsequently, the bystander cells were harvested and plated in tissue culture flasks at confluent density. Six to 24 h after plating, the bystander cells were exposed to a mean absorbed dose of 50 cGy of 1 GeV/u iron ions. In this experimental system, bystander cells that were co-cultured with the irradiated cells were neither traversed by the priming protons nor their δ rays or secondary fragmentation products, and they would not be affected by activated growth medium \[[@RRV005C36]\].

Micronucleus formation {#s2d}
----------------------

Radiation-induced DNA damage was assessed by measuring the frequency of micronuclei by the cytokinesis-block technique \[[@RRV005C45]\]. Briefly, 2 × 10^4^ cells were seeded in chamber flaskettes (Nalge Nunc International) in the presence of 2 μg/ml cytochalasin B (Sigma). At this concentration, cytochalasin B was not toxic to the cells, as assessed by colony formation. After 72 h incubation, the cells were rinsed in phosphate-buffered saline (PBS), fixed in ethanol, stained with Hoechst 33342 (1 μg/ml in PBS), and viewed with a fluorescence microscope. At least 1000 cells per treatment were examined, and only micronuclei in binucleated cells were considered for analysis. The fraction of micronucleated cells and the distribution of micronuclei per binucleated cell were evaluated. The distribution of micronuclei is presented as the percentage of binucleated cells exhibiting up to five micronuclei fragments, relative to the total number of cells examined. The percentage of binucleated cells in the cell population was ∼40%. The results of separate experiments were averaged, and Poisson statistics were used to calculate the standard error associated with the percentage of micronucleated cells in the total number of binucleated cells. Comparisons between treatment groups and respective controls were performed using the Pearson\'s χ^2^ test. A *P* value of ≤ 0.05 between groups was considered significant.

RESULTS AND DISCUSSION {#s3}
======================

Low doses of energetic protons confer protection against subsequent exposure to HZE particles {#s3a}
---------------------------------------------------------------------------------------------

We evaluated the DNA damaging effects of sequential exposures to low absorbed doses of low- and high-LET space radiations. Confluent AG1522 normal human fibroblast cultures were first exposed to a priming dose of 20 cGy from 0.05 or 1-GeV protons (LET ∼ 1.25 and 0.2 keV/μm, respectively), which results in uniform irradiation of the cell populations. Following 6- or 24-h incubation at 37°C, the cell cultures were challenged with a mean absorbed dose of 50 cGy from 1 GeV/u iron ions (LET ∼ 151 keV/μm), which targets essentially all the exposed cells with one or more HZE tracks \[[@RRV005C37]\] (see scheme in Fig. [1](#RRV005F1){ref-type="fig"}A). Within 5--10 min following exposure to the challenge dose, the cells were subcultured and assayed for micronucleus formation. When the cells were primed with 1-GeV protons and challenged 6 h later with energetic iron ions, the percentage of micronucleated cells was reduced from 28.9 ± 1.7% (only Fe ions) to 17.6 ± 2.3% (protons + Fe ions) (*n* = 3, *P* \< 0.005) (Fig. [1](#RRV005F1){ref-type="fig"}B, left panel). Priming the cells before exposing them 6 h later to a challenge dose from iron ions also reduced the number of micronuclei per binucleated cell (Fig. [1](#RRV005F1){ref-type="fig"}B, right panel). The mitigating effect was transient and disappeared by 24 h (Fig. [1](#RRV005F1){ref-type="fig"}B, left panel). Fig. 1.Proton-induced adaptive response in normal human cells. (**A**) Experiment schematic: Confluent normal human fibroblast cultures were first exposed to a priming radiation dose from energetic low-LET protons, followed 0, 6 or 24 h later by a challenge dose of high-LET iron ions. (**B**) Micronucleus formation (left panel) and micronuclei distribution (right panel) in AG1522 cells pre-irradiated with 20 cGy from 1-GeV protons (^1^H) and challenged 0, 6 or 24 h later with 50 cGy of 1-GeV/u iron ions (^56^Fe). (**C**) Micronucleus formation (left panel) and micronuclei distribution (right panel) in AG1522 cells pre-irradiated with 20 cGy from 0.05-GeV protons (^1^H) and challenged 0, 6 or 24 h later with 50 cGy of 1-GeV/u iron ions (^56^Fe). The data indicate that pre-exposure to a low dose of low-LET protons protects against DNA damage from a subsequent challenge from high-LET iron ions. \**P* \< 0.05, \*\**P* \< 0.0001.

A similar mitigating, but more persistent, effect was observed when the cells were primed with 20 cGy of 0.05-GeV protons (Fig. [1](#RRV005F1){ref-type="fig"}C, left panel). Here, the protective effect was evident for at least 24 h, with the percentage of micronucleated cells decreasing from 28.9 ± 1.7% (only Fe ions) to 2.0 ± 0.7% (protons + Fe ions) (*n* = 2, *P* \< 0.0001) when the challenge dose was delivered 6 h after the priming dose, and to 5.7 ± 1.7% when it was delivered 24 h later (*n* = 3, *P* \< 0.0001). The mitigating effects can be observed also in terms of reduction in the number of micronuclei per binucleated cell (Fig. [1](#RRV005F1){ref-type="fig"}C, right panel).

The above results are in contrast with previous studies in which it was shown that pre-irradiation with protons failed to protect primary human fibroblasts or epithelial cells against the damage induced by HZE particles delivered several hours or days after a proton priming dose \[[@RRV005C46]--[@RRV005C50]\]. The qualitatively different responses observed in these studies may be due to the fact that radiation-induced adaptive responses depend upon many parameters, including cell type, magnitude of the priming dose, energy and LET of the proton priming dose, dose rate, redox environment, stage of the cell cycle, and in particular expression time (i.e. the time separating the priming and challenge exposures (reviewed in \[[@RRV005C19], [@RRV005C51]\]).

Proton-radiation-induced protective effects are propagated to neighboring bystander cells {#s3b}
-----------------------------------------------------------------------------------------

Others have shown that protective effects induced by low doses of X-rays are propagated to unirradiated bystander cells \[[@RRV005C52]\]. To investigate the spread of adaptive responses from proton-irradiated cells to bystander cells in the vicinity, we co-cultured AG1522 cells exposed to 0 (sham) or 20 cGy of protons with bystander AG1522 cells using the layered tissue culture system (see scheme in Fig. [2](#RRV005F2){ref-type="fig"}A). Following a 5-h co-culture, the bystander cells were harvested with a high degree of purity (99.9%), as revealed by flow cytometry analyses of the transfer of CellTracker dye-loaded AG1522 cells cultured on the upper side of the membrane to cells growing on the underside of the membrane. The isolated bystander cells were seeded in tissue culture flasks at confluent density, and challenged 6, 24 or 72 h later with 50 cGy of 1 GeV/u iron ions (Fig. [2](#RRV005F2){ref-type="fig"}A). Within 5--10 min after the challenge dose, the cells were subcultured and submitted for assessment of micronucleus formation. When the bystander cells were challenged with iron ions within 24 h after isolation from the Transwell® inserts, a significant reduction in the fraction of micronucleated cells was observed (Fig. [2](#RRV005F2){ref-type="fig"}B). When the challenge dose was delivered at 6 h, 19.4 ± 1.0% of bystanders cells that were co-cultured with sham-treated cells were micronucleated vs 14.7 ± 1.6% when the bystanders were co-cultured with 1 GeV proton-irradiated cells (*n* = 2, *P* \< 0.005) (Fig. [2](#RRV005F2){ref-type="fig"}B, left panel). A similar mitigating effect was observed at 24 h (19.4 ± 1.0 vs 15.5 ± 1.1%, *n* = 3, *P* \< 0.005) (Fig. [2](#RRV005F2){ref-type="fig"}B, left panel). The priming proton dose also induced a decrease in the number of fragments in the micronucleated cells (Fig. [2](#RRV005F2){ref-type="fig"}B, right panel). However, the effect appears to be transient as the mitigating effect disappeared by 72 h (data not shown). Fig. 2.Proton-irradiation propagates protective bystander effects. (**A**) Experiment schematic: Proton-irradiated cells are plated on the top side of the porous membrane of a Transwell® insert, with bystander cells growing on its underside. Following ∼5 h of co-culture, the bystander cells were harvested and seeded in tissue culture flasks. The bystander cells were exposed to iron ions at different times after seeding. (**B**) Micronucleus formation (left panel) and micronuclei distribution (right panel) in bystander AG1522 cells that had been in co-culture with cells irradiated with 0 or 20 cGy (shown in brackets) from 1-GeV protons (^1^H). Bystander cells were exposed 0, 6 or 24 h later to 0 or 50 cGy from 1-GeV/u iron ions (^56^Fe). (**C**) Micronucleus formation (left panel) and micronuclei distribution (right panel) in bystander AG1522 cells that had been in co-culture with cells irradiated with 0 or 20 cGy (shown in brackets) from 0.05-GeV protons (^1^H). Bystander cells were exposed 0, 6 or 24 h later to 0 or 50 cGy from 1-GeV/u iron ions (^56^Fe). The data show that bystander cells that were co-cultured with low-dose proton-irradiated cells are protected from DNA damage induced by a subsequent challenge of energetic iron ions. \**P* \< 0.05, \*\**P* \< 0.0001.

We have also observed protective bystander effects when AG1522 cells were exposed to 20 cGy of 0.05-GeV protons. A significant reduction in micronucleus formation was detected in bystander cells that were challenged with a mean absorbed dose of 50 cGy of 1 GeV/u iron ions (Fig. [2](#RRV005F2){ref-type="fig"}C). Relative to bystander cells co-cultured with sham-treated cells, the fraction of micronucleated cells was reduced from 19.4 ± 1.0 to 3.7 ± 0.9% at 6 h, and to 4.8 ± 1.1% at 24 h (*n* = 3, *P* \< 0.0001) (Fig. [2](#RRV005F2){ref-type="fig"}C, left panel). As in the case of exposure to 1-GeV protons, the priming proton dose resulted in fewer micronucleated cells exhibiting more than three micronuclei (Fig. [2](#RRV005F2){ref-type="fig"}C, right panel).

Together, these data show that pre-exposure to a low dose of low-LET protons protects against DNA damage from a subsequent exposure to high-LET energetic iron particles (Fig. [1](#RRV005F1){ref-type="fig"}). Significantly, they indicate that the protective effects against high-LET iron ions are propagated to neighboring non-irradiated cells (Fig. [2](#RRV005F2){ref-type="fig"}). As measured by the endpoint of micronucleus formation, the effect appears to be transient, because it was undetectable when the challenge dose was delivered 72 h following the proton priming dose. Interestingly, our recent studies have shown that exposure of AG1522 cells to doses as low as 10 cGy of 1-GeV protons upregulates the level of the Translationally Controlled Tumor Protein (TCTP), which we have shown to be implicated in adaptive protection through its role in DNA damage sensing and repair \[[@RRV005C18]\].

Several studies have shown that high-LET particulate radiations (i.e. alpha and HZE) are potent inducers of harmful non-targeted effects when cell cultures are exposed to very low fluences of these particles. Further, several laboratories have examined the effect of sequential exposures to proton and iron ions on the yield of DNA damage \[[@RRV005C46], [@RRV005C50], [@RRV005C53], [@RRV005C54]\]. While these studies emphasized the need to investigate the interactions between targeted and non-targeted effects of radiation, they indicated that the outcome of sequential exposures to space radiation is complex. Whereas proton irradiation was shown to propagate stressful effects to bystander cells, pre-exposure of cells to protons protected them against clastogenic effects propagated via factors secreted by iron-ion-irradiated cells \[[@RRV005C53]\]. The results shown here indicate that exposure to a low dose of low-LET protons results in protective mechanisms that spare the targeted and the bystander cells in their vicinity from the harmful effects of a subsequent challenge by high-LET iron ions (Figs [1](#RRV005F1){ref-type="fig"} and [2](#RRV005F2){ref-type="fig"}). For prolonged space travel, in which proton-induced non-targeted effects will occur and the resulting bystander cells will be traversed subsequently by HZE particles, the extension of ground-based mechanistic studies to investigate the effects of sequential doses to both low- and high-LET radiations delivered at low dose/low dose-rate may contribute to decision-making concerning radiation protection in space. These studies are also pertinent to the development of radiotherapy protocols using particulate radiations of different LET, and to the enhancement of our understanding of intercellular communication under oxidative stress conditions. Extending them to examine the cross-talk between biological responses induced by low-LET protons and high-LET HZE particles within intact tissues will improve understanding of the response of the entire biological system.

FUNDING {#s4}
=======

This research is supported by NASA Grants NNJ06HD91G and NNX15AD62G. Funding to pay the Open Access publication charges for this article was provided by NASA grant NNX15AD62G.

We thank Drs Adam Rusek, Michael Sivertz, I-Hung Chang, Peter Guida and their colleagues for their support during the experiments at the NASA Space Radiation Laboratory. We also thank Drs Narongchai Autsavapromporrn, Géraldine Gonon, Min Li and Jie Zhang for their excellent support.
